Previous reports indicate that the expression and͞or activity of the protein-tyrosine phosphatase (PTP) LAR are increased in insulinresponsive tissues of obese, insulin-resistant humans and rodents, but it is not known whether these alterations contribute to the pathogenesis of insulin resistance. To address this question, we generated transgenic mice that overexpress human LAR, specifically in muscle, to levels comparable to those reported in insulinresistant humans. In LAR-transgenic mice, fasting plasma insulin was increased 2.5-fold compared with wild-type controls, whereas fasting glucose was normal. Whole-body glucose disposal and glucose uptake into muscle in vivo were reduced by 39 -50%. Insulin injection resulted in normal tyrosyl phosphorylation of the insulin receptor and insulin receptor substrate 1 (IRS-1) in muscle of transgenic mice. However, phosphorylation of IRS-2 was reduced by 62%, PI3 kinase activity associated with phosphotyrosine, IRS-1, or IRS-2 was reduced by 34 -57%, and association of p85␣ with both IRS proteins was reduced by 39 -52%. Thus, overexpression of LAR in muscle causes whole-body insulin resistance, most likely due to dephosphorylation of specific regulatory phosphotyrosines on IRS proteins. Our data suggest that increased expression and͞or activity of LAR or related PTPs in insulin target tissues of obese humans may contribute to the pathogenesis of insulin resistance.
G
lucose homeostasis is essential for normal mammalian function. Accordingly, blood glucose is maintained in a tight range by the actions of insulin and counterregulatory hormones. Insulin promotes glucose uptake into muscle and adipose tissue and inhibits glucose production by the liver. Impairment of the normal response to insulin (insulin resistance) is a common disorder of substantial medical importance: insulin resistance is a major risk factor for hypertension, dyslipidemia, cardiovascular disease and cardiac death, and polycystic ovarian disease, as well as diabetes (1) . The mechanisms underlying insulin resistance remain largely unknown.
Insulin action is mediated by a cascade of tyrosyl phosphorylation events, initiated by binding of insulin to the insulin receptor (IR) (2, 3) . Binding increases the kinase activity of the IR, which then phosphorylates insulin receptor substrates (IRSs) on multiple tyrosyl residues. Phosphotyrosyl residues on IRSs act as docking sites for many SH2 domain-containing proteins, including the p85 regulatory subunit of PI3Ј kinase (PI3K). On binding to IRS proteins, PI3K is activated and promotes glucose uptake. Skeletal muscle is the major site of insulin-stimulated glucose uptake in vivo. Both IRS-1 and IRS-2 are expressed in skeletal muscle; data are conflicting regarding the relative role of each IRS in mediating insulin-stimulated glucose uptake in muscle (4) (5) (6) (7) (8) .
A critical regulatory step in insulin signal transduction is the dephosphorylation of signaling molecules by protein tyrosine phosphatases (PTPs), which helps to terminate insulin signaling (9, 10) . In insulin-resistant states such as obesity and type 2 diabetes, insulin signaling is impaired. Several studies of obese humans and rodents report that the expression and͞or activity of specific PTPs, including leukocyte antigen-related phosphatase (LAR), protein-tyrosine phosphatase 1B (PTP1B), and srchomology phosphatase-2 (SHP2), are increased in muscle and adipose tissue (11) (12) (13) (14) (15) . We have also observed increased levels of LAR expression in immunoblots of liver extracts from Zucker rats (J.M.Z., unpublished observations). Immunodepletion experiments suggest that a 2-3-fold elevation of LAR accounts for most of the enhanced PTP activity in both adipose tissue (12) and muscle (13) of obese humans.
In cultured cells, LAR can modulate insulin signaling, at least when overexpressed and͞or ectopically expressed (16, 17) . LAR overexpression reportedly inhibits IR tyrosyl phosphorylation (16, 17) . In vitro studies suggest that LAR preferentially dephosphorylates insulin receptor Tyr-1150 (18), one of three tyrosyl residues that are critical for receptor activity (2) . IRS-1 also is a substrate of LAR in vitro (19, 20) .
Although these studies suggest that LAR could play a role in insulin action, data from in vivo experiments are inconclusive. Two independent lines of LAR knockout mice give conflicting results about the role of LAR in normal glucose homeostasis (ref. 21 and W. J. A. J. Hendriks and M. P. H. Møller, personal communication). The absence of LAR in the brain, where it may be important for establishing and maintaining neuronal networks (22, 23) , might contribute to the complex phenotype seen in LAR knockout mice (21) and obscure a role of LAR in glucose homeostasis. Even if LAR has no role in regulating insulin signaling under normal conditions in vivo, it is possible that overexpressed LAR (as has been observed in insulinresistant states), might pathologically impair insulin signaling. However, it remains unclear whether overexpression of LAR contributes to the pathogenesis of insulin resistance. To address this issue, we overexpressed LAR selectively in muscle of transgenic mice to levels comparable to those reported in insulin resistant humans. These mice have defective insulin action specifically in muscle, which causes whole body insulin resistance.
Materials and Methods
Transgenic MCK-hLAR (Muscle Creatine Kinase-Human LAR) Mice. A 7.7-kb EcoRI fragment of human LAR cDNA from plasmid Abbreviations: LAR, leukocyte antigen-related; PTP, protein-tyrosine phosphatase; IR, insulin receptor; IRS, IR substrate; PI3K, PI3Ј kinase; MCK, muscle creatine kinase; hLAR, human LAR; WAT, white adipose tissue; SHP2, src-homology phosphatase-2; PTP1B, protein-tyrosine phosphatase 1B.
pSP6-LAR (24) was inserted into a BstEII site in p3300MCK-CAT (25) , downstream of the muscle creatine kinase promoter͞ enhancer and start site, and upstream of intron and SV40 polyadenylation sequences (Fig. 1a) . The 12.6-kb BssHII partial digestion fragment of the resultant plasmid was injected into the pronuclei of fertilized zygotes from FVB mice. Two founders overexpressing human LAR were obtained. Mice heterozygotic for the transgene were studied. Mice were housed at 22°C with a 12-h light͞dark cycle and were fed a standard diet (Purina Autoclavable Rodent Diet 5010) ad libitum.
PCR Genotyping of hLAR Transgenic Mice. Toe DNA was prepared by proteinase K digestion (26) . Human LAR was amplified by PCR. Primers and reaction conditions are available from J.M.Z.
Preparation of LAR-GST Fusion Proteins.
Human and murine GST-LAR fusion proteins were isolated and purified on glutathione agarose beads by using standard procedures. Duplicate gels were Coomassie-stained or transferred to nitrocellulose and immunoblotted with polyclonal antibodies against the human LAR cytoplasmic domain (a gift of M. Streuli, Dana-Farber Cancer Institute, Boston) (27), followed by enhanced chemiluminesence (ECL from Amersham Pharmacia). Plasmid pGEX-hLAR (gift of M. Streuli) contains human LAR amino acids 1275-1881 (28), whereas pGEX-mLAR cDNA#1 (gift of W. Hendriks, University of Nijmegen, Nijmegen, The Netherlands) encodes nucleotides 421-2202 of murine LAR (29) .
Detection of hLAR Expression in Transgenic Mice. Tissue lysates [from liver, heart, interscapular brown adipose tissue (BAT), perigonadal white adipose tissue (WAT), and hindlimb muscle] were prepared as described (30) . To detect LAR, 1 mg of protein was incubated with wheat germ agarose beads (Sigma) overnight and washed twice in PBS with 1 mM sodium vanadate and twice with PBS alone, and bound proteins were separated by SDS͞ PAGE on 10% gels and subjected to anti-LAR immunoblotting. Muscle lysates also were immunoblotted with polyclonal antibodies against the IR␤ subunit (Santa Cruz Biotechnology), SHP2 (Santa Cruz Biotechnology), PTP1B (31), IRS-1, and IRS-2 (gifts of M. White, Joslin Diabetes Center, Boston; ref. 32) , and a monoclonal antibody to p85␣ (Upstate Biotechnology, Lake Placid, NY), following the manufacturer's directions or as described in the cited publications.
Tyrosyl Phosphorylation of IR, IRS-1, and IRS-2. Fasted (15-18 h) mice were injected i.v. with 10 milliunits of insulin per gram of body weight (Humulin from Eli Lilly) and killed 3 min later; various tissues were then dissected and frozen in liquid N 2 . Lysates (0.5-1 mg protein) were subjected to serial immunoprecipitations with anti-IRS-1 or -IRS-2 polyclonal antisera (3 l) followed by anti-IR polyclonal antisera (1 l), bound to protein A-Sepharose (Sigma), essentially as described (30) . Immune complexes were resolved by SDS͞PAGE, subjected to antiphosphotyrosine immunoblotting (PY20 or PY99, Santa Cruz Biotechnology), and visualized by using ECL. The efficiency of immunoprecipitation of IR was Ն70%, of IRS-1 was Ն95%, and of IRS-2 was Ն90% (data not shown).
Ex Vivo Insulin Stimulation of Muscle. Extensor digitorum longus (EDL) or soleus muscles were rapidly dissected from fasted female mice, and incubated for 10 min in pregassed (95% O 2 , 5% CO 2 ) Krebs-Henseleit buffer [KHB: 118.5 mM NaCl, 4.7 mM KCl, 1.2 mM KH 2 PO 4 , 25 mM NaHCO 3 , 2.5 mM CaCl 2 , 1.2 mM Mg SO 4 , 0.1% BSA, 5 mM Hepes (pH 7.4)] containing 10 mM glucose at 35°C, followed by 29°C for 10 min, and then stimulated with or without insulin (33 mM) for 3 or 6 min. Muscle was rapidly removed, blotted dry, and frozen in liquid N 2 , and lysates were prepared as described above.
PI3 Kinase Assays. PI3K activity associated with IRS-1, IRS-2, or antiphosphotyrosine immune complexes (from 0.25-1 mg muscle protein) was determined as reported (30) .
Measurement of Glucose, Insulin, and Free Fatty Acid Levels. For hyperinsulinemic-euglycemic clamp studies, plasma glucose was measured by glucose oxidase reaction using a Beckman glucose analyzer II (Beckman Coulter). For all other studies, glucose levels were measured by using a One Touch II glucometer (Lifescan from Johnson & Johnson, Milpitas, CA). For hyperinsulinemic-euglycemic clamp studies, plasma insulin levels were determined by RIA (Linco Research Immunoassay, St. Charles, MO). For all other experiments, serum insulin levels were determined with a rat insulin ELISA (Crystal Chem, Chicago, IL) by using mouse insulin standards. Serum free fatty acid levels were measured by using a colorometric diagnostic assay (Wako Biochemicals, Osaka).
Hyperinsulinemic-Euglycemic Clamps. Hyperinsulinemic-euglycemic (111 Ϯ 3 mg͞dl) clamps were performed as described (33) on male mice 5-8 months of age. Insulin was infused continuously for 120 min at 2.5 milliunits͞kg͞min.
Body Composition. Carcasses (with their gastrointestinal tracts removed) were weighed, dried at 60°C, reweighed to determine their water content, and hydrolyzed in ethanolic potassium hydroxide (34) . Body triglyceride content was determined by enzymatic measurement of glycerol (product no. 337-40A; Sigma). All other values were derived as described (34) .
Statistical Analyses. Data are presented as means Ϯ SEM. Statistical analyses were performed by using STATVIEW software (Abacus Concepts, Berkeley, CA). Statistical significance was tested with unpaired Student's t tests (two-tailed unless otherwise indicated).
Results

Generation of Mice Overexpressing LAR Selectively in Muscle.
Transgenic mice overexpressing LAR in muscle were generated by ligating the hLAR cDNA downstream of the 3.3-kb MCK promoter͞enhancer (see Materials and Methods and Fig. 1a ), which directs high-level expression in skeletal muscle and lower levels in cardiac muscle (35) . Two founders expressing the LAR transgene were generated. MCK-hLAR mice were born at the expected Mendelian frequency and showed normal growth curves and development (data not shown). Carcass analysis showed a 19% increase in body lipid per mouse (Table 1) , which was not seen by dual-energy x-ray absorptiometry (DEXA) analysis (Lunar Piximus Densitometer, Lunar, Madison, WI; data not shown), or when body lipid was expressed as a percent of body weight. Fat-free dry mass was unchanged ( Table 1 ).
The level of overexpression of the human LAR transgene was assessed by using antibody generated against the human 85-kDa cytoplasmic domain (27) . The reactivity of the antibody to human GST-LAR was Ϸ20 times greater than for mouse GST-LAR (Fig. 1b, compare lanes 3 and 6) . After correcting for differences in antibody cross-reactivity, both lines of mice overexpressed LAR Ϸ2-4-fold in skeletal muscle (Fig. 1c) and at a lower level in heart (Fig. 1c) and expression was stable over multiple generations. Other tissues, including liver, brain, WAT, and brown adipose tissue (BAT), showed no overexpression of LAR (Fig. 1d) . Two other PTPs implicated in regulating insulin signaling, SHP2 and PTP1B (9, 10) , were expressed at similar levels in muscle of MCK-hLAR transgenic and wild-type (WT) mice (Fig. 1e) . Both MCK-hLAR lines exhibited the same phenotype, which is described below.
MCK-hLAR Mice Are Insulin-Resistant. Insulin resistance in the ambient state was evident in male MCK-hLAR mice by a 2.5-fold elevation in fasting plasma insulin levels ( Fig. 2a) with normal blood glucose (see Table 2 , which is published as supplemental data on the PNAS web site, www.pnas.org) and by a reduced ratio of glucose to insulin 15 min after glucose challenge (Fig.  2b) . Fed blood glucose and insulin levels were normal (see Table  2 ). There also was a tendency toward increased insulin levels and decreased glucose͞insulin ratios in fed females (data not shown). MCK-hLAR mice were not overtly diabetic, and fasted and fed serum free fatty acid levels were normal (see Table 2 ). To investigate the effects of LAR overexpression on metabolic pathways in vivo, mice were subjected to hyperinsulinemic (2.5 milliunits͞kg͞min)-euglycemic clamps. This resulted in submaximal plasma insulin levels, which suppressed hepatic glucose production similarly in WT and MCK-hLAR mice (Fig. 2c) , indicating that liver remains insulin-responsive in MCK-hLAR mice. However, the rate of glucose infusion needed to maintain euglycemia was decreased by 39% (Fig. 2d) , indicating insulin resistance at the whole-body level. Glucose can be metabolized via glycolysis or used for glycogen and lipid synthesis. Both pathways were suppressed to comparable extents in MCK-hLAR mice (by 33% and 43%, respectively; Fig. 2e) .
We also measured glucose uptake into skeletal muscle and WAT during hyperinsulinemic-euglycemic clamps to determine whether the insulin resistance in the MCK-hLAR mice is due to impaired glucose uptake only in muscle or whether adipose tissue is affected indirectly. Glucose uptake specifically into muscle was decreased by 50% in MCK-hLAR mice compared with WT mice (Fig. 2f ) . Glycolysis and glycogen synthesis were impaired to similar extents in muscle (49% and 41%, respectively; Fig. 2g ). In contrast, in WAT of MCK-hLAR mice, glucose uptake was unchanged (Fig. 2f ) . Thus, insulin action is preserved in adipose tissue and liver, whereas it is impaired in muscle, and the defect in muscle is sufficient to reduce wholebody glucose disposal. (Fig. 3a) , but insulin-stimulated IRS-2 tyrosyl phosphorylation was reduced by 62% in muscle of MCK-hLAR mice (Fig. 3a) . Although we did not detect changes in tyrosyl phosphorylation of IRS-1 by immunoblotting for phosphotyrosine, the amount of p85␣ coimmunoprecipitating with either IRS-1 or IRS-2 was reduced by 39-52% (Fig. 3b ). There were no differences in the amounts of IR, IRS-1, IRS-2, or p85␣ in muscle of MCK-hLAR mice compared with controls (data not shown). Morever, consistent with the effect of LAR overexpression on tyrosyl phosphorylation of only some components of the insulin signaling pathway, the pattern of tyrosyl phosphorylation in total muscle lysates was largely the same in WT and MCK-hLAR mice (data not shown). These data indicate that LAR overexpression has highly specific and selective effects on muscle phosphotyrosyl proteins. Insulin increased phosphotyrosine-associated PI3K activity 9-17-fold (Fig. 4 a and d) and IRS-1-associated PI3K 5-fold (Fig.  4b) in muscle of WT mice. Insulin-stimulated phosphotyrosineassociated PI3K activity was reduced by 51-57%, and IRS-1-and IRS-2-associated PI3K activities were reduced by 34-37% in muscle of MCK-hLAR mice (Figs. 4 a-d) . In liver of MCK-hLAR mice, insulin-stimulated phosphotyrosine-associated (data not shown) and IRS-1-associated (Fig. 4e ) PI3K activities were normal, indicating that PI3K activity is impaired only where LAR is overexpressed.
To test whether these insulin signaling defects are intrinsic to muscle or due to the metabolic milieu, we measured PI3K activity in muscles ex vivo. In parallel with the results in vivo, in muscles from MCK-hLAR mice stimulated ex vivo with insulin, IR, and IRS-1 tyrosyl phosphorylation were normal (Fig. 5a) . However, IRS-1-associated p85␣ was reduced by 50% (Fig. 5 a  and b) , and IRS-1-associated PI3K activity was reduced by 39-46% compared with WT controls (Fig. 5c) . Thus, overexpression of LAR in muscle impairs insulin-stimulated PI3K activity ex vivo and in vivo.
Discussion
Recent work has begun to uncover the complexities of insulin resistance, including the fact that resistance in different insulin target tissues or at different steps in the insulin action cascade in a single tissue leads to markedly different phenotypes (36) (37) (38) . The current study demonstrates that muscle-specific overexpression of a single tyrosine phosphatase, LAR, in transgenic mice reduces insulin signaling in muscle and impairs whole body glucose disposal. Because LAR is one of the major PTPs that is reportedly increased in expression and͞or activity in muscle and adipose tissue of insulin-resistant, obese humans, our findings have potentially important implications for understanding the pathogenesis of insulin resistance.
Although multiple studies show that PTP overexpression accompanies insulin-resistant states such as obesity, it has not been clear whether these changes are causal or merely correlative. Our data show that increased LAR expression in muscle produces insulin resistance, as manifested by increased fasting plasma insulin levels and decreased whole-body glucose disposal. Glucose uptake in muscle is impaired, resulting in defects in both major pathways of glucose metabolism (i.e., glycolysis and glycogen synthesis). This defect appears to result from impaired signaling via PI3K, and possibly other insulin-stimulated pathways. Defective insulin action is restricted to muscle, the only tissue in which the transgene is expressed.
Recently, the role of the insulin receptor in muscle in wholebody insulin responsiveness has been questioned (36, 39, 40) . Our study shows that attenuating insulin signaling selectively in muscle is sufficient to cause insulin resistance. Although relatively mild, this resistance is at least as great as the insulin resistance reported in mice with total ablation of the insulin receptor from muscle (MIRKO mice) (36, 41) . The phenotype of MCK-hLAR mice differs from that of MIRKO mice, because MIRKO mice have a much more significant increase in fat pad mass and have dyslipidemia (36) . These differences may reflect the fact that LAR may act at certain specific sites in the insulin signaling cascade, as suggested by our biochemical analyses, and thereby alter only some of the biological actions of insulin.
In muscle of MCK-hLAR mice, insulin-stimulated PI3K activity associated with phosphotyrosine, IRS-1, or IRS-2 is impaired, but no reduction in total cellular tyrosyl phosphorylation or tyrosyl phosphorylation of IR or IRS-1 is detected. Thus, although previous studies in cell lines indicate that LAR can dephosphorylate IR (16) (17) (18) , our data suggest that in vivo, LAR acts more distally, perhaps by directly dephosphorylating specific sites on IRS proteins. This finding is consistent with the demonstration that IRS-1 is a substrate for LAR in vitro (19, 20) . However, we cannot exclude the possibility that LAR may dephosphorylate specific tyrosyl residues on IR that are not detected when using an assay of total IR tyrosyl phosphorylation. Whereas the binding of insulin to its receptor elicits rapid autophosphorylation of six tyrosine residues in the receptor ␤ subunit, the kinase activity of IR is largely determined by phosphorylation of three C-terminal tyrosines (positions 1146, 1150, and 1151; ref. 2). Mutation or dephosphorylation of one or more of these reduces insulin-stimulated receptor kinase activity (2) . Dephosphorylation of a single IR tyrosyl residue could contribute to the defects in MCK-hLAR mice. We also cannot exclude the possibility that LAR overexpression down-regulates insulin signaling by an indirect mechanism such as activation of serine phosphorylation. Although we have demonstrated resistance to insulin-stimulated glucose uptake and impaired p85 binding to IRS-1 and IRS-2 in muscle of MCK-LAR overexpressing mice, this does not prove that impaired IRS function is the major cause of insulin resistance; other pathways also may be involved.
Some early work on PTPs suggested that these enzymes might have broad specificity. However, many recent studies (reviewed in ref. 42 ) emphasize the exquisite in vivo specificity of these enzymes for particular phosphotyrosyl proteins-and in some cases even particular tyrosyl phosphorylation sites within the same protein. Although our results suggest that the observed effects of LAR overexpression on glucose homeostasis do not reflect global perturbation of cellular tyrosyl phosphorylation pathways, it remains possible that other proteins are affected, especially because the effect on IRS-1 was not detected with antiphosphotyrosyl immunoblotting.
The potential for PTPs to regulate insulin action and metabolism in vivo was recently demonstrated by the PTP1B knockout mouse, which has increased insulin sensitivity as well as resistance to diet-induced obesity. The MCK-hLAR mice provide proof that overexpression of a specific PTP in muscle can cause insulin resistance. Several PTPs are overexpressed simultaneously in muscle and adipose tissue of insulin-resistant obese humans and rodents. There may be an additive effect resulting in more severe insulin resistance if additional PTPs are also IRS-1-(b) , or IRS-2-associated (c) PI3K activity in muscle of male mice, phosphotyrosine-associated PI3K activity in muscle of female mice (d), and IRS-1-associated PI3K activity in liver of female mice (e). Mice were fasted for 16 -18 h, injected i.v. with saline or insulin (10 units͞kg), and killed 3 min postinjection. PI3K activity was measured in phosphotyrosine, IRS-1, or IRS-2 immunoprecipitates of hind-limb muscles or liver as described in Materials and Methods. Results are mean Ϯ SEM for three to five mice per group. * , difference from nontransgenic insulin-stimulated is P Ͻ 0.05. Similar results were seen in male and female mice. overexpressed, and͞or additional insulin target tissues are directly affected. Most forms of obesity and diabetes are polygenic; the concurrence of increased PTP expression with other genetic abnormalities also could result in more severe insulin resistance. Thus, our data support an important pathogenic role for the overexpression of LAR or PTPs with similar substrate specificity in the development of insulin resistance and suggest that LAR may be a target for antidiabetic therapy.
